INTRODUCTION 41
A fundamental property of cells, size is tightly linked to physiological state. With few exceptions, 42 two processes dictate cell size: cell growth and cell cycle progression. During steady state or 43 "balanced" growth, bacteria add on average the same volume between cell birth and division 44 regardless of their size at birth. This phenomenon, referred to as the 'adder' model for bacterial 45 cell size homeostasis, results in convergence to an average cell size [1, 2] . Simulations and 46 experimental data suggest that the adder is an emergent property of two processes: 1) growth 47 rate dependent synthesis of rate-limiting components of the cell division machinery, and 2) 48 accumulation of these proteins to threshold numbers necessary to support cytokinesis. 49 Consistent with this model, perturbing the normal accumulation of one such protein, the tubulin 50 homolog FtsZ, disrupts the volume added between divisions. Although sufficient to alter size at 51 the onset of DNA replication, disruptions in levels of the DNA replication initiation protein DnaA 52 beginning with mid-cell polymerization of FtsZ in the cytosol and ending with recruitment of 79 extracytoplasmic septal cell wall synthesis enzymes and their regulators [12, 13] . Exterior to the 80 plasma membrane, these so-called 'late' division proteins are directly exposed to dynamic and 81 potentially extreme environmental conditions-including changes in pH, osmolarity, and ionic 82 strength-that may impact their ability to activate and complete cross wall synthesis [14, 15] . 83 Differential activation of the divisome has the potential to impact cell size homeostasis: 84 hypermorphic mutants of E. coli and Caulobacter crescentus that affect the initiation or rate of 85 septal cell wall synthesis are consistently short independent of changes to growth rate [16] [17] [18] [19] [20] . To investigate the impact of pH on cell size, we cultured E. coli strain MG1655 at steady state in 100 nutrient rich media (LB + 0.2% glucose) under a physiologically relevant range of pH conditions 101 (pH 4.5-8.5) [21, 22] . We sampled cultures and fixed the cells during early exponential phase 102 (OD600 ~ 0.1-0.2) for cell size analysis; at this time point, the pH of the culture had not 103 significantly deviated from the starting pH (SI Appendix, Figure S1 ). Strikingly, cells cultured at 104 pH 4.5 were ~75% of the area of their counterparts grown at pH 7.0. In contrast, cells cultured 105 at pH 8.5 were ~120% of the area of cells grown at pH 7.0 ( Figure 1A, B ; SI Appendix, Figure  106 S2 and Table S3 ). Apart from the most extreme acidic conditions, nearly all of the pH-107 dependent changes in size were restricted to changes in cell length and were independent of 108 changes in growth rate, media composition, or buffering capacity ( Figure 1C , D; SI Appendix, 109 Figure S1 , Table S3 ). To independently validate pH alters cell size homeostasis in live cells, we 110 used time lapse imaging to measure the cell length added between divisions, a property of the 111 adder model of cell size homeostasis [1, 2] . Consistent with our findings in fixed cells, cells 112 cultured in acidic media added a shorter length from birth to division than cells grown at neutral 113 and alkaline conditions ( Figure 1E ). 114 115 pH-dependent changes in size were not unique to MG1655 or even to E. coli. We observed 116 similar effects of pH on cell area in E. coli strain W3110 and in the evolutionary distant Gram-117 positive coccus Staphylococcus aureus (SI Appendix, Figure S3 ). Likewise, during this work two 118 separate studies noted the size of Streptococcus pneumoniae and C. crescentus also increases 119 during growth in alkaline media [23] . Altogether, these findings establish environmental pH as 120 mediator of size across evolutionary distant bacterial species. 121 122
Acidic pH stabilizes late division proteins and bypasses the essentiality of FtsK 123
Our observation that pH-dependent changes in E. coli cell size were restricted to changes in cell 124 length and were independent of changes in mass doubling time ( Figure 1C ; SI Appendix, Table  125 S3) indicated divisome assembly and/or activity may be pH sensitive. In E. coli assembly of the 126 'core' cell division machinery is a sequential process [12] . First, the so-called "early" division 127 proteins-including the cytosolic tubulin homolog FtsZ, membrane anchor ZipA, membrane-128 associated actin homolog FtsA-form a dynamic, discontinuous ring-like structure at a mid-cell 129 To identify the specific stage(s) of cell division influenced by pH, we took advantage of a set of 150 heat sensitive alleles of essential cell division genes. These conditional mutants played a 151 historically important role in parsing the key functions of the essential components of divisome 152 and associated modulatory proteins [44, 45] . Suppression of the heat sensitive phenotype of 153 these conditional mutants under growth restrictive conditions (LB-no salt, 37 or 42°C) suggests 154 a positive influence on the division machinery while enhancement of heat sensitivity under 155 growth permissive conditions (LB, 30°C) indicates a negative influence on the division 156 machinery. 157 158 We assessed the impact of pH on the growth of a subset of heat-sensitive mutants, including 159 alleles of both early division genes [ftsZ84 (G105S) and ftsA27 (S195P] and late division genes 160 [ftsK44 (G80A), ftsQ1 (E125K), and ftsI23 (Y380D)]. Although growth of the early division 161 mutants was insensitive to pH, low pH (5.5) suppressed the heat sensitivity of the late division 162 mutants while high pH (8.0) enhanced it ( Figure 2A ). Importantly, this effect was not allele-163 specific. Additional heat-sensitive variants of FtsZ (ftsZ25), FtsA (ftsA12), and FtsI (ftsI2158) 164
behaved similarly to their previously tested cognates with one exception: ftsA12 heat sensitivity 165 was modestly enhanced at pH 8.0 (SI Appendix, Figure S5 ). When we expanded the tested pH 166 range from pH 4.5-9.0, the heat sensitivity of the strains encoding ftsK44, ftsQ1, and ftsI23 was 167 consistently suppressed between pH 5.0 and pH 6.5 and enhanced between pH 7.5 and pH 9.0 168 (SI Appendix, Figure S5 ). Notably, these pH ranges correspond to conditions in which the wild 169 type cells have decreased and increased average cell lengths, respectively ( Figure 1C ). We did 170 not observe changes in heat sensitivity in strains encoding ftsZ84 or ftsA27 in the expanded pH 171 range ( Figure 2B ; SI Appendix, Figure S5 ). We also ruled out the contribution of the accessory 172 periplasmic divisome proteins FtsP, PBP1a, and PBP1b, which had been previously shown to 173 be stress or pH responsive [37,43]; cells defective in each of the aforementioned proteins still 174 exhibited pH-dependent changes in cell size (SI Appendix, Figure S4 ). 175
176
The complete suppression of heat sensitivity in ftsK44 and ftsI23 mutants at very high 177 temperature (42 ºC) suggested these genes may be dispensable for divisome activity in acidic 178 media. To test this, we attempted to transduce deletion alleles of each gene into wild type cells 179 under acidic (pH 5.5) and neutral conditions at 30 ºC. Although we were unable to delete the 180 native ftsI even in the presence of a catalytically inactive variant of FtsI (S307A) produced from 181 a plasmid [46], we were able generate stable transductants with the ftsK::kan allele when the 182 cells were grown in acidic media ( Figure 2B ). FtsK null mutants were slightly elongated when 183 cultured in acidic media but rapidly filamented and lysed when transferred to neutral pH ( Figure  184 2C). In total, these findings are consistent with acidic pH stabilizing one or more late division 185 proteins, and this is sufficient to bypass the essential activity of FtsK. 186 187
Septal recruitment of the terminal division protein FtsN is pH sensitive 188
To directly visualize the effect of pH on the assembly of the division machinery, we imaged mid-189 cell recruitment of a subset of GFP-tagged division proteins. We selected fusion proteins that 190 spanned the divisome assembly hierarchy, including "early" cytoplasmic proteins FtsZ and FtsA, 191 Table S4 ). Cell width did not decrease upon FtsN overexpression and in fact, modestly 228 increased. These results are counter to previous work reporting toxicity and a modest increase 229 in cell length with ftsN overexpression [12,45]. To confirm our findings, we repeated this 230 experiment using a different expression construct and again observed a similar reduction in cell 231 length (SI Appendix, Figure S10 ). Importantly, overexpression of other late division proteins has 232 not been associated with reductions in cell size. Simultaneous overexpression of the ftsQ, ftsL, 233 and ftsB causes cell filamentation [48] , and in our hands overexpression of ftsI also modestly 234 increases cell length (SI Appendix, Figure S10 ). 235 236 We next sought to determine the regions of FtsN that are necessary and sufficient for (Figure 3, 4) . Several additional, less direct 333 pieces of evidence also support FtsN's involvement in pH-dependent divisome activation. 334
Similar to the phenotypes we observe for cells cultured in acidic media (Figure 2) , 335 overexpression of FtsN suppresses the heat sensitivity of cells encoding variants of FtsA, FtsK, 336 FtsQ, and FtsI and bypasses the essentiality of FtsK (SI Appendix, Figure S9) [45,62,63]. We 337 also observed an increase in cell chaining in alkaline pH, particularly during growth in MOPS 338 minimal media (SI Appendix, Figure S1 ). This is consistent with FtsN's role in recruiting the 339 septal amidases, which are required for efficient daughter cell separation following division 340 Unless otherwise indicated, all chemicals, media components, and antibiotics were purchased 420 from Sigma Aldrich (St. Louis, MO). Bacterial strains and plasmids used in this study are listed 421 in SI Appendix, Table S1 and S2, respectively. All E. coli experiments, with the exception of 422 Figure 5D and SI Appendix Figure S3 , were performed in the MG1655 background, referred to 423 as 'wild type' in the text. P1 transduction was used to move alleles of interest between strains, 424 and transductants were confirmed with diagnostic PCR and/or sequencing. Mutants were 425 generated using the Q5 Site-Directed Mutagenesis Kit (New England Biolabs). Unless otherwise 426 indicated, E. coli strains were grown in lysogeny broth (LB) media (1% tryptone, 1% NaCl, 0.5% 427 yeast extract) with the pH fixed with concentrated NaOH or HCl prior to autoclaving and 428 supplemented with 0.2% glucose. Media pH was confirmed after sterilization. S. aureus strains 429 were grown in tryptic soy broth (TSB) with the pH fixed with concentrated NaOH or HCl prior to 430 autoclaving. Where indicated, media was supplemented with 100 mM MES (pH 5.0) or HEPES 431 (pH 7.0 or 8.0) buffers. Cells were cultured in the indicated media at 37 ºC shaking at 200 rpm. 432
When selection was necessary, cultures were supplemented with 50 µg/mL kanamycin (Kan), 433 30 µg/mL chloramphenicol (Cm), 12.5 µg/mL tetracycline (Tet), and/or 25-100 µg/mL ampicillin 434 To achieve balanced growth, cells were cultured from a single colony and grown to exponential 448 phase (OD600 ~ 0.2-0.6). Cultures were then back-diluted into fresh media to an OD600 = 0.005 449 and grown to early exponential phase (OD600 between 0.1-0.2) prior to being sampled and fixed 450 for analysis. Cells (500 uL) were fixed by adding 20 µL of 1M NaPO4 (pH 7.4) and 100 µL of 451 fixative (16% paraformaldehyde and 8% glutaraldehyde). Samples were incubated at room 452 temperature for 15 min then on ice for 30 min. Fixed cells were pelleted, washed three times in 453 1 mL 1X PBS (pH 7.4), then resuspended in GTE buffer (glucose-tris-EDTA) and stored at 4 ºC. Wild type cells in early exponential phase (5 µl) were transferred to a 1% agarose/LB + 0.2% 463 glucose pad at the indicated pH, allowed to dry for 10 minutes, and then imaged on a Nikon TiE 464 inverted microscope heated to 37 ºC. Phase contrast images were acquired every 2 minutes for 465 2 hours. ∆L (change in length) for each cell was calculated in from Ldeath -Lbirth in SuperSegger 466 [78] . Cells that existed for fewer than 2 frames or more than 20 frames or grew by less than 0.5 467 uM between birth and death were excluded from the analysis. 468
Septal ring frequency analysis 469
Strains producing GFP fusions were cultured, sampled, and fixed as in the section entitled 'Cell 470 size analysis.' Induction conditions for each strain are provided in SI Appendix, Table S4 Appendix, Table S3  776 Significance was determined using a two-way ANOVA, corrected for multiple comparisons with 879
Sidak's test. 880 881 C) Representative plating efficiency for ftsN depletion in WT, ftsA*, and ftsL* cells at pH 5.5 882 (middle), 7.0 (left), and 8.0 (right). Image is representative of three biological replicates. 883 884
